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Fibre operating lengths of human lower limb
muscles during walking

Edith M. Arnold! and Scott L. Delp!:2:*

' Department of Mechanical Engineering and *Department of Bioengineering, Stanford University,
Stanford, CA 94305, USA

Muscles actuate movement by generating forces. The forces generated by muscles are highly depen-
dent on their fibre lengths, yet it is difficult to measure the lengths over which muscle fibres operate
during movement. We combined experimental measurements of joint angles and muscle activation
patterns during walking with a musculoskeletal model that captures the relationships between
muscle fibre lengths, joint angles and muscle activations for muscles of the lower limb. We used
this musculoskeletal model to produce a simulation of muscle—tendon dynamics during walking
and calculated fibre operating lengths (i.e. the length of muscle fibres relative to their optimal
fibre length) for 17 lower limb muscles. Our results indicate that when musculotendon compliance
is low, the muscle fibre operating length is determined predominantly by the joint angles and muscle
moment arms. If musculotendon compliance is high, muscle fibre operating length is more depen-
dent on activation level and force—length—velocity effects. We found that muscles operate on
multiple limbs of the force—length curve (i.e. ascending, plateau and descending limbs) during
the gait cycle, but are active within a smaller portion of their total operating range.

Keywords: muscle architecture; fibre length; simulation; musculoskeletal model; gait

1. INTRODUCTION

The force—length relationship of muscle is one of the
most important and long-standing tenets of neuro-
muscular physiology. The force—length behaviour of
muscle fibres was described in 1966 based on measure-
ments of maximal isometric force generated by the
semitendinosus in the frog [1]. These experiments
revealed that when fibres are shorter than optimal
length, the force a muscle generates when maximally
activated increases with fibre length (the ascending
limb of the force—length curve). Beyond the optimal
length, the maximal active force a muscle generates
decreases with fibre length (the descending limb of the
force—length curve), and the muscle generates passive
force [2]. Near optimal fibre length, the muscle gener-
ates relatively consistent force when maximally
activated (the plateau of the force—length curve).
Thus, the length of muscle fibres profoundly affects
the muscle’s force-generating capacity.

Muscle force is also affected by muscle fibre velocity.
When fibres shorten during activation (concentric),
force generation decreases with increasing shortening
velocity [3]. When fibres lengthen during activation
(eccentric), force generation increases with lengthening
velocity. This increase in force is most pronounced at
low lengthening velocities; at high lengthening velocity,
the increase in lengthening velocity has less effect on
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force production [4]. Muscle force also depends on
the level of activation, history-dependent -effects,
fatigue and other factors [5,6].

To understand muscle function during gait in terms
of the force—length and force—velocity properties, it is
necessary to characterize the lengths of muscle fibres
relative to their optimal length. However, it is difficult
to measure the operating length of muscle fibres
(i.e. the lengths of muscle fibres relative to optimal
fibre length) during gait. Direct determination of
fibre operating length requires measurement of sarco-
mere length. Sarcomere length can be measured by
laser diffraction [7], which has been used to study
operating lengths of muscles in the upper extremity
[8]. However, this laser diffraction requires surgery
to visualize the muscle fibres and sarcomeres. Micro-
endoscopy is less invasive than laser diffraction and
enables direct measurement of sarcomere lengths [9],
but this technique has not yet been adapted for use
during human locomotion. As a result, there are no
direct measurements of human sarcomere and fibre
operating lengths during human locomotion.

Several studies have estimated the sarcomere or
fibre operating lengths of lower limb muscles during
motion. Cutts [10] estimated sarcomere lengths for
the semimembranosus, semitendinosus, biceps femoris
long head (BFLH), rectus femoris, vastus lateralis and
vastus medialis at an anatomical position and used
these values with cine film of two subjects walking to esti-
mate sarcomere length at five points during the gait cycle
[11]. This approach provided valuable insights but did
not include the effects of muscle—tendon dynamics

This journal is © 2011 The Royal Society
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Figure 1. Three-dimensional musculoskeletal model of the lower limb during one gait cycle. Bony geometry includes the pha-
langes, metatarsals, calcaneus, talus, fibula, tibia, patella, femur and pelvis. Joint angles and angular velocities were calculated
for 10 gait cycles and then averaged over a common basis of 0—100% to produce one characteristic gait cycle beginning and
ending at heel strike. Muscle-tendon actuators representing lower limb muscles were constrained to origin and insertion points
and wrapping surfaces. Typical muscle activation patterns for walking were prescribed for each muscle on a 0.00 to 1.00 scale,

representing 0 to 100% activation.

(e.g. force—velocity effects and musculotendon compli-
ance). Other studies have estimated fibre or fascicle
lengths over a range of motion for a single joint [12—
18] or during a movement [19] using imaging technology
or mathematical modelling. Fukunaga ez al. [19], for
example, used ultrasound measurements to examine
muscle fascicle lengths and tendon lengths of medial
gastrocnemius. They found that muscle fascicles experi-
enced less change in length than the muscle—tendon
complex because the tendon took up some of the
length change. This occurs because the long, compliant
tendon of the medial gastrocnemius stretches when the
muscle is activated and muscle force is developed. The
effect of tendon stretch on muscle fascicle length is great-
est in muscles with high musculotendon compliance (i.e.
large ratio of tendon slack length to optimal muscle fibre
length [5,20]). It is important to note that without
measurements of sarcomere length, previous studies of
lower limb muscles could only roughly approximate
fibre operating lengths [21].

Two recent advances enable more accurate esti-
mation of muscle fibre operating lengths in human
lower limb muscles during locomotion over earlier
methods. First, Ward ez al. [22] reported measurements
of muscle architecture of lower limb muscles. These
measurements include fibre and sarcomere length at
known joint angles. Second, Arnold er al. [23] devel-
oped a computer model of the lower extremity
musculoskeletal system based on the architectural
measurements of Ward ez al. [22]. This model charac-
terizes the muscle—tendon paths and force-generating
properties for lower limb muscles and allows detailed
examination of muscle fibre and tendon dynamics for
28 muscles that are based on the data of Ward ez al. [22].

The goal of this study was to calculate the fibre
operating lengths of human lower limb muscles
during walking. We used a computer simulation of
muscle—tendon dynamics to address three questions.
First, what are the effects of musculotendon com-
pliance and muscle activation on fibre operating
lengths? Second, on which limbs of the force—length
curve (ascending limb, descending limb and plateau)
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do lower limb muscles operate when they are most
active during the gait cycle? Third, when they are
active, which exhibit eccentric, concentric or isometric
behaviour during walking?

2. METHODS

We used a computer model of the musculoskeletal
system that represents the geometry of the bones, the
kinematics of joints, and the lines of action and force-
generating properties of lower limb muscles (figure 1).
Given patterns of muscle activations and joint angles,
the musculoskeletal model calculates the muscle—
tendon lengths, muscle forces, tendon strains and
muscle fibre lengths in a dynamic simulation. We used
experimentally measured muscle activations and joint
angles to estimate muscle fibre operating lengths
during walking, and evaluated how variations in
muscle activations and musculotendon compliance
affect muscle fibre operating lengths. An overview of
the musculoskeletal model and methods to compute
muscle fibre lengths is provided below.

(a) Musculoskeletal model
The model included the geometry of the bones of the
lower limb and pelvis, created by digitizing the bones
of a male subject [20,24]. The bone dimensions rep-
resented a 170 cm tall male [25]. The model also
included representations of the ankle, knee and hip
joints that defined motions between the bones. The
ankle was a revolute joint between the tibia and talus
defined by 1 degree of freedom (dorsiflexion/plantarflex-
ion) [26]. The knee had a single degree of freedom
(flexion/extension) and used the equations reported by
Walker et al. [27] and Delp [28] to define the translations
and rotations between the femur, tibia and patella as
functions of knee flexion angle. The hip was a ball and
socket joint with 3 degrees of freedom (flexion/extension,
adduction/abduction, and internal/external rotation).
Thus, each leg in the model had 5 degrees of freedom.
The model included 35 muscles of the lower limb.
Line segments approximated the muscle—tendon path
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Figure 2. Lumped parameter model of muscle used to simulate tendon and muscle dynamics [5]. (@) The muscle—tendon
length (LM7T) derived from the muscle—tendon geometry was used to compute muscle fibre length (L™), fibre shortening vel-
ocity (™), tendon length (L), pennation angle (), muscle force (F™) and tendon force (FT). Muscle was represented as a
passive elastic element in parallel with an active contractile element (CE). Tendon was represented as a nonlinear elastic
element. (b) Tendon force—strain relationship assumed that the strain in tendon ((LT — LT)/LT) was 0.033 when the
muscle generated maximum isometric force (FM). (¢) Normalized active and passive force—length curves were scaled by maxi-
mum isometric force (FM) and optimal fibre length (LM) derived from experimental measurements for each muscle. The
regions of the active force—length curve were described as the steep ascending limb (blue), shallow ascending limb (green),
plateau (yellow) and descending limb (red). (d) The force—velocity curve included concentric (v™ > 0) and eccentric
(@™ < 0) regions and was scaled by maximum isometric force and vM_ of 10 LMs~!,

from the origin to insertion. In the case of muscles with
broad attachments (e.g. gluteus medius), multiple
muscle paths were used, resulting in 44 muscle—tendon
compartments. Muscle—tendon paths that wrapped
over bones, deeper muscles or retinacula included these
anatomical constraints [23]. The model of musculoskele-
tal geometry enables calculations of muscle—tendon
lengths (i.e. origin to insertion path length) and
moment arm of each muscle—tendon complex. To
compute muscle fibre length, we used a model of
muscle—tendon contraction dynamics [29].

We used a lumped parameter model to characterize
muscle—tendon contraction dynamics [5] (figure 2a).
This model included four parameters (optimal fibre
length, maximum isometric force, pennation angle
and tendon slack length) that scale generic properties
of muscle and tendon to represent the architecture of
each muscle—tendon unit. The model of tendon rep-
resents the nonlinear elastic properties of tendon.
The tendon force—strain relationship (figure 2b) was
scaled to represent a specific muscle—tendon complex
by tendon slack length (L;F) and peak muscle force
(FM). Tendon strain was assumed to be 0.033 when
muscle generated its peak isometric force [5]. The
model of muscle included the active and passive
force—length relationships (figure 2¢), which were
scaled by each muscle’s optimal fibre length (Lg’l)
and peak isometric force (F(I)V‘) [5]. The force—velocity

Phil. Trans. R. Soc. B (2011)

relationship (figure 2d) was also included: the
maximum shortening velocity of each muscle was
assumed to be 10 optimal fibre lengths per second
>.e. fvgax =10- Lg" s7hH [5].

The parameters used to scale properties of each
muscle—tendon unit included in this study were derived
from measurements of muscle architecture in 21 cada-
vers reported by Ward er al. [22]. The cadavers from
which muscle architecture parameters were measured
had an average height of 168.4 + 9.3 cm and mass
of 82.7 + 15.2 kg. Optimal fibre lengths and penna-
tion angles were taken directly from Ward er al. [22].
Maximum isometric forces were calculated from
the measured physiological cross-sectional area as
described by Arnold ez al. [23]. As Ward and co-workers
measured fibre lengths and sarcomere lengths at a
known body position, we set the tendon slack length
of each muscle—tendon complex such that the fibre
length and sarcomere length of each muscle in the
model was the same as the experimental measurements
when the model was in the equivalent configuration.

The accuracy of the musculoskeletal model was ver-
ified by comparing the moment arms of muscles to
those measured in cadaver subjects [30—32] and maxi-
mum moments generated by each muscle group to
moments generated by an earlier model [20] and
reported in experimental data [33-39], as described
by Arnold ez al. [23].
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(b) Computation of fibre lengths during walking
We produced a simulation of muscle—tendon
dynamics during walking to estimate muscle fibre
operating lengths. The simulation prescribed experi-
mental joint angles measured from a subject walking
on a treadmill. The subject was a healthy male (height
1.83 m, mass 65.9 kg) who walked continuously at a
self-selected speed of 1.36 ms™~ . The positions of 41
markers [40] were measured using a six-camera motion
capture system (Motion Analysis Corporation, Santa
Rosa, CA, USA). The ground reaction forces were
measured using a force-plate-instrumented treadmill
(Bertec Corporation, Columbus, OH, USA).

We scaled the model to the anthropometry of the sub-
ject based on marker locations. Optimal fibre length and
tendon slack length were scaled with muscle—tendon
length so that they maintained the same ratio (i.e.
Lg" : L;r was maintained). Virtual markers were placed
on the model to match the locations of the experimental
markers and an inverse kinematics algorithm was used
to determine the joint angles of the model over 10 com-
plete gait cycles [41,42]. Ten right-side gait cycles
were segmented using the measured ground reaction
force to identify heel strike. The gait cycles were normal-
ized over a 0—100% scale and averaged to obtain a
characteristic gait cycle for the subject.

The characteristic gait cycle was compared with an
experimental study of multiple subjects [40] to con-
firm that the kinematics were typical. The time
period of the characteristic gait cycle was 1.1 s and
toe-off occurred at 66 per cent, which is slightly later
than the reference study [40]. To account for this
difference, the stance and swing phases of the refer-
ence study were renormalized so that the stance and
swing percentages matched our characteristic gait
cycle. The joint angles of interest in this study—hip
flexion, hip adduction, knee flexion and ankle plantar-
flexion—were comparable with the joint angles
reported by Kadaba et al. (figure 3) with some differ-
ences owing to discrepancies in the definitions of
joint angles and coordinate systems.

We produced a dynamic simulation of muscle—
tendon dynamics during walking using the biomecha-
nics software, OpenSim v. 2.0.2 [42]. We prescribed
muscle-activation patterns and joint kinematics, and
calculated the muscle forces and fibre lengths that satis-
fied these constraints. To study the effects of muscle
activation and musculotendon compliance on fibre
operating lengths, we produced simulations with three
different activation cases: maximum activation, mini-
mum activation and typical activation during gait [43].
In our muscle model, activation was a value between
0.00 and 1.00 (i.e. 0-100% of maximum). In the
maximum activation case, activation was 1.00 in all
muscles. For the minimum activation case, it was not
possible to prescribe 0.00 activation for the simulation
of walking because the fibres must maintain tension
while the muscle—tendon complex is shortening. Thus,
activation was the smallest value that maintained tension
in the muscle fibres over the entire gait cycle. Minimum
activation was typically 0.05, however muscles that
reached very high shortening velocities—soleus, the
gastrocnemeii, semimembranosus and rectus femoris—
demanded higher values (0.10 or 0.15). In the typical

Phil. Trans. R. Soc. B (2011)
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Figure 3. Joint angles prescribed for the simulation. The kin-
ematics of the subject’s characteristic gait cycle (solid lines)
were calculated as the average of 10 consecutive gait cycles.
These joint angles were compared with those reported by
Kadaba er al. [40], +1 s.d., which were adjusted so that
the timing of toe-off (dashed line) aligned with our subject
(shaded region). Joint angles were comparable with some
discrepancies owing to variation in the definitions of joint
angles and coordinate frames.

activation case, we prescribed activations of muscles
based on electromyography (EMG) data reported by
Winter [43]. We normalized the EMG data so that the
mean peak average was equal to 1.00 [44].

We included 17 important lower limb muscles in our
simulation and calculated normalized fibre length
during gait with minimum and maximum activation to
determine the feasible operating region. We calculated
the trajectory of normalized fibre length during gait
for each muscle using the typical activation pattern
[43] and compared it with the force—length curve.
Over the gait cycle, the trajectory of normalized fibre
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Figure 4. Feasible operating region of normalized fibre
length for soleus, BFLH and vastus lateralis during one
gait cycle. For the prescribed joint angles, any activation pat-
tern will produce a trajectory of normalized fibre length in
this range. The feasible operating region for each muscle is
the difference between fibre length trajectories during gait
for minimum and maximum activation. Muscles with long
tendons relative to their optimal fibre length (i.e. large
values of LT :IM) have wider feasible operating ranges
than muscles with relatively short tendons.

length was described in terms of four limbs of the force—
length curve [45] bounded by values of normalized
length that corresponded to meaningful changes in
slope for the sarcomere force—length curve [46] and
the model force—length curve [23,42]: the
steep ascending limb (LM/IM < 0.75), the shallow
ascending limb (0.75 < LM/IM < 0.95), the plateau
(0.95 < IM/LM <1.05) and the descending limb
(1.05 < LML), as illustrated in figure 2d.

3. RESULTS
(a) Effects of musculotendon compliance and
activation on fibre operating lengths
Musculotendon compliance increased the difference
between the normalized fibre length trajectories for the
minimum and maximum activation cases (figure 4).
High musculotendon compliance (i.e. high LT : LM
ratio) produced a wide operating region (i.e. the region
bound by the minimum and maximum activation
cases) across the gait cycle. A wider operating region
indicated that activation pattern could have a strong
effect on the trajectory of fibre operating length. Low
musculotendon compliance produced a narrow operat-
ing region; in these cases, the operating length was less
sensitive to the level of muscle activation and force.
Figure 4 shows these regions for a selection of muscles
with different LT : LM ratios. Soleus, which has a rela-
tively long, compliant tendon (table 1), had a wide
operating region. BFLLH and vastus lateralis had moder-
ate and low musculotendon compliance, and their
operating regions were correspondingly narrower.
Musculotendon compliance also affected fibre
length by interacting with the force—velocity property

Phil. Trans. R. Soc. B (2011)

Table 1. Muscle fibre and tendon length modelling
parameters scaled to subject geometry.

tendon optimal
slack fibre
compliance  length LT length LM
ratio L;F : Lﬂ" (cm) (cm)
medial 7.8 44.7 5.7
gastrocnemius
peroneus longus 6.6 36.1 5.5
lateral 6.5 42.6 6.6
gastrocnemius
soleus 6.4 31.6 4.9
extensor digitorum 5.3 39.6 7.5
longus
semimembranosus 5.1 36.5° 7.2
rectus femoris 4.6 37.1 8.1
tibialis anterior 3.5 26.5 7.5
biceps femoris 3.3 33.8 10.2
long head
peroneus brevis 3.2 16.2 5.0
vastus lateralis 1.3 14.5 11.1
semitendinosus 1.3 25.9 20.4
adductor longus 1.2 13.4 11.2
vastus medialis 1.2 12.6 10.9
gluteus medius 0.9 6.6 7.3
gluteus maximus 0.5 7.4 15.9
sartorius 0.3 11.5 42.1

aL;r for semimembranosus is based on an unscaled value of
34.8 cm, consistent with the value predicted by the architecture
data from Ward er al. [22]. This differs from the value listed in
Arnold et al. [23], which was adjusted for high hip-flexion
postures.

of muscle. For example, during mid-stance, the fibres
of the medial gastrocnemius underwent an eccentric con-
traction. High fibre force increased tendon strain and the
fibres were correspondingly shorter than they would have
been with the same activation and joint configuration in
static equilibrium (figure 5). During terminal stance,
the fibres of medial gastrocnemius shortened rapidly,
producing less than isometric force. Thus, tendon
strain was reduced and the fibres were longer than they
would have been in static equilibrium.

(b) Fibres operate on multiple imbs of
Jorce-length curve

All but one of the muscles analysed operated on mul-
tiple limbs of the force—length curve during the
gait cycle (figure 6). Medial gastrocnemius, lateral gas-
trocnemius, semimembranosus, rectus femoris and
BFLH operated on the ascending limbs, plateau and des-
cending limb. Biarticular muscles with short fibres and
large moment arms had the largest range of normalized
fibre lengths over the gait cycle. For example, soleus
and medial gastrocnemius are plantarflexors with similar
fibre lengths and moment arms. Their operating length
trajectories were similar, but soleus stopped shortening
on the shallow region of the ascending limb, whereas
medial gastrocnemius shortened onto the steep ascend-
ing limb when the knee flexed and ankle plantarflexed
in terminal stance. Semimembranosus operated over a
large range of length. By contrast, semitendinosus,
which has a similar moment arm but longer fibres,
covered a much smaller range of length.
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Figure 5. Effect of force—velocity property on trajectory of nor-
malized fibre length in medial gastrocnemius. Increased force
in eccentric contraction and decreased force in concentric con-
traction, compared with isometric contraction, alter tendon
strain. As a result, normalized fibre length calculated with a
dynamic simulation (solid line) was shorter in eccentric con-
traction and longer in concentric contraction than would be
determined from a static calculation (dashed line).

Only one muscle, sartorius, was confined to a single
limb of the force—length curve. Sartorius has long
fibres and is the only biarticular muscle that flexes the
hip and the knee. While the combination of hip and
knee angles during walking stretched and shortened
muscles that extend the knee and flex the hip to their
extremes, sartorius experienced relatively little change
in muscle—tendon length during the gait cycle.

(c) Fibres are active on a subsection of their
operating range

Muscles whose range of normalized fibre length over
the gait cycle reached multiple limbs of the force—
length curve were typically confined to a smaller
range of lengths when they were active. For example,
BFLH reached all four limbs of the force—length
curve but normalized fibre length when the muscle
was active (during early stance and late swing) fell on
the descending limb and plateau. Of the eight muscles
that operated on the steep ascending limb, only three
were active in that region: rectus femoris, vastus later-
alis and vastus medialis. The plateau and descending
limb were the sites of the most activity.

(d) Active fibres show eccentric, isometric and
concentric behaviour

We observed all three types of contraction—eccentric,
isometric and concentric—in the operating length tra-
jectories. Ten muscles exhibited stretch-shortening
behaviour, beginning their period of activation eccen-
trically, reaching a maximum length and continuing
concentrically,. BFLH, semitendinosus and semi-
membranosus behaved this way on the plateau and
descending limbs in the swing-to-stance transition.
Vastus medialis and lateralis did so on the steep and

Phil. Trans. R. Soc. B (2011)

shallow ascending limbs. Sartorius was the only muscle
to show shortening-stretch behaviour. Few muscles shor-
tened rapidly during activation, and those that did (e.g.
soleus and the gastrocnemeii) were near optimal length
during this time. The highest speed eccentric con-
tractions occurred in the muscles that were active on
the steep ascending limb (rectus femoris, vastus latera-
lis and vastus medialis). Musculotendon compliance
caused fibre velocity to stay closer to zero than the
muscle—tendon complex as a whole in several cases.
This is observable in figure 6 as the trajectory of normal-
ized fibre length diverging from the upper boundary of
the feasible operating region (e.g. soleus and extensor
digitorum longus in stance; semimembranosus and
biceps femoris longus in swing).

4. DISCUSSION

Comparing the feasible operating region and the
trajectory of normalized fibre lengths during gait
of 17 lower limb muscles revealed three aspects of
their fibre dynamics. First, high musculotendon
compliance resulted in increased sensitivity of the tra-
jectory of normalized fibre length during gait to
muscle activation pattern and the force—velocity
property. Second, muscles operate on multiple limbs
of the force—length curve during the gait cycle, yet
are typically active on a smaller subsection of this
range. Third, eccentric, concentric and isometric
behaviours were observed during active periods.

Muscles with higher musculotendon compliance
showed a larger difference between minimum and maxi-
mum activation cases. Thus, in muscles with a wide
feasible operating region, the particular activation
pattern can have a larger effect than in those with
a narrow range. Additionally, musculotendon compli-
ance is linked to the influence of the force—velocity
relationship when muscles are active. In eccentric
activation, the higher force generation increases
tendon strain and fibres are correspondingly shorter
than they would be in a static posture with the same acti-
vation. The opposite occurs during concentric
activation. In the plantarflexors, these properties have
the effect of slowing fibre-lengthening velocity when
the muscle—tendon complex is lengthening and so nor-
malized fibre length does not travel very far down
the descending limb. This finding illustrates the impor-
tance of including the force—velocity property in the
muscle model and creating a dynamic simulation, as
we have done here.

Though many muscles reached multiple regions of
the force—length curve during the gait cycle, they were
active over a much smaller range of lengths. Most
muscles acted on the plateau or descending limb. The
notable exceptions are the vasti and rectus femoris in
early stance. A common thread for these muscles at
these times is that they act in a braking capacity. The
vasti and rectus femoris prevent the knee from buckling
[47] and brake the mass centre [48]. It has been pro-
posed that the ascending limb of the force—length
curve is inherently mechanically stable [45,46], a
property that would be beneficial for braking.

In biarticular muscles, the range of normalized fibre
lengths over the gait cycle tends to be larger than similarly
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Figure 6. Trajectory of normalized fibre length, feasible operating region and the period of activation during gait for 17 lower
limb muscles. The feasible operating regions (grey) were calculated for minimum to maximum activation. Trajectories of nor-
malized fibre length were calculated for the activation pattern reported by Winter [43] (solid, multi-coloured line). The colours
of the curve correspond to the limbs of the force—length curve shown on the far left of each row. Portions of the gait cycle when
a muscle’s activation exceeded its mean value for the gait cycle are indicated at the top of each plot (thick black line). Toe-off is

indicated at 66% (dashed line).

located uniarticular muscles (e.g. gastrocnemius compa-
red to soleus). Consequently, these biarticular muscles
experience very high shortening velocities. The notable
exception to this biarticular trend was sartorius. As it is
a hip flexor and knee flexor, the effect of biarticular
motion is to reduce the total operating range.

There are few reports of human sarcomere or fibre
operating ranges with which to compare our results.
Calculation of force—length relationships of rectus
femoris [49], soleus and tibialis anterior [14] based on
measurements of maximum voluntary joint moments
indicate that over a range of joint angles these muscles
operate on the ascending limb and plateau of the
force—length curve. Our results, however, indicate that
muscles frequently operate on the descending limb and
are often active at these longer lengths.

Insights into fibre and sarcomere lengths during
human walking are sparse, but studies by Cutts [11]
and Fukunaga er al. [19] provide useful comparisons.
Cutts calculated sarcomere length for muscles crossing
the knee at five time points during a gait cycle [11] using
a method that predicted sarcomere length based on
changes in muscle—tendon length and assuming a
rigid tendon [10]. The shapes of the curve formed by
these points agree with our results and the regions on
which semimembranosus and rectus femoris operate
are similar. However, our results for semitendinosus
and the vasti indicate longer and shorter operating
lengths, respectively, than predicted by Cutts [11].

Fukunaga er al. [19] used ultrasonography to deter-
mine the relative change in length of the muscle

Phil. Trans. R. Soc. B (2011)

fascicles, tendon and muscle—tendon complex of gastro-
cnemius medialis. They found that fascicle length was
near constant during the single-limb support phase,
even as the muscle—tendon complex was lengthening,
a result which our study confirms. Furthermore,
though their approach precluded the precise determi-
nation of normalized fibre length, they estimated that
the active range of gastrocnemius medialis would corre-
spond to sarcomere lengths of 2.75-2.92 pm. Though
our results indicate somewhat longer sarcomere lengths,
this supports our finding that when this muscle is active
during walking, it is on the plateau and descending limb.

In this study, we combined a musculoskeletal model
of the lower limb with experimental joint angles and typi-
cal activation patterns to produce a forward dynamic
simulation of muscle fibre behaviour during walking. A
key component of this approach is the architecture
data [22] used to create the model. Without experimen-
tal data that made an explicit link between fibre length
and joint angle, the model could not precisely capture
the relation between fibre length and a functional
motion.

This approach overcomes many of the challenges in
earlier models and experimental methods, but has sev-
eral limitations. We used a generic model scaled to a
single subject and joint angles averaged over multiple
gait cycles. Our subject had no gait pathologies but
exhibited high knee flexion throughout the stance
phase. Had he walked with a more extended knee the
fibres of the vasti and rectus femoris would be slightly
shorter and the fibres of the hamstrings and
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gastrocnemeii would be slightly longer. Differences
between an individual’s muscle architecture and the
model or subject-to-subject variation in activations or
kinematics could affect the results. Operating range
may also be affected by subject activity; a prior study
reported variation in the force—length property of
rectus femoris between cyclists, runners and non-ath-
letes [49-51]. Future work should extend the
computational methods described here to experimental
data from multiple subjects walking at a variety of
speeds with subject-specific EMG patterns to deter-
mine whether the results of this study are particular to
this subject or represent the general paradigm for
muscle function during walking.

We simplified our model by assuming that all
muscles had identical material properties—tendon
strain at maximum isometric muscle force was 0.033
and muscle generated passive tension when fibres
exceeded optimal length [5]—even though these prop-
erties may vary among muscles [5,52]. Our results
demonstrate the effects of musculotendon compliance
(i.e. the ratio of tendon slack length to optimal fibre
length) on fibre lengths during walking, but they do
not show the effects of tendon stiffness. Tendon stiff-
ness (K1) is the product of the tendon elastic
modulus (ET) and cross-sectional area (A") divided
by tendon slack length (LI), i.e. KT =ETAT/LT.
The tendons of the plantarflexors may be less stiff
than other muscles [53]. To examine how this lower
tendon stiffness affects the fibre trajectory of the
soleus, we increased the tendon strain at maximum
isometric muscle force to 0.066 (halving the stiffness).
This decreased tendon stiffness produced a wider
operating region and a normalized fibre length trajec-
tory that was more isometric and closer to the
plateau of the force—length curve than was observed
for the default tendon stiffness (figure 7). Future
work will examine the effect of tendon material prop-
erties on the normalized fibre length trajectories and
operating regions for other muscles.

There are also limitations inherent in the muscle
model used. In the application of experimental architec-
ture data [22] to the model [23], we assumed that
optimal sarcomere length for all muscles is 2.7 pm.
There is evidence that optimal sarcomere length may
vary between muscles [54], but without knowledge of
each muscle’s optimal length, a single length of 2.7 pm
is a reasonable assumption. Additionally, the lumped
parameter muscle model assumes that all fibres within
a muscle operate at the same length. The fibres of
these muscles may be distributed over a range of lengths
[15,55-57]. In this case, the fibres within a muscle may
occupy different regions of the force—length curve or
operate at varying velocities. Additionally, the com-
putational implementation of the model [29] had
numerical limitations when fibre-shortening velocity
was high and activation was low.

Despite these limitations, this study sheds new light
on the structure—function relationships of lower limb
muscles during walking. Future investigation is impor-
tant from both scientific and clinical perspectives.
Identifying normal structure—function relationships
may aid with surgical planning for gait pathologies
such as crouch gait, where treatments such as tendon
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Figure 7. Effect of tendon stiffness on trajectory of normal-
ized fibre length and feasible operating region. The default
tendon force-strain relationship was altered in soleus so
that the tendon was half as stiff (i.e., tendon strain was
0.066 at peak isometric muscle force). Compared to the
default operating region (dotted area) and trajectory of nor-
malized fibre length (dashed line) modelling soleus with half
the tendon stiffness reduces the lower limit of the operating
region (grey area) and produces shorter, more isometric
fibre length (solid line) when the muscle is active.

transfer or lengthening may have a profound effect
on musculoskeletal structure [58].
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